Recurrent patterns of chromosomal changes (aneuploidy) are widespread in cancer. These patterns are mainly attributed to selection processes due to an assumption that human chromosomes carry equal chance of being mis-segregated into daughter cells when fidelity of cell division is compromised. Human chromosomes vary widely in size, gene density and other parameters that might generate bias in mis-segregation rates, however technological limitations have precluded a systematic and high throughput analysis of chromosome-specific aneuploidy. Here, using fluorescence In-Situ hybridization (FISH) imaging of specific centromeres coupled with high-throughput single cell analysis, as well as single-cell sequencing we show that human chromosome mis-segregation is non-random.
Introduction
Aneuploidy -deviation from a multiple of the haploid chromosome number -is the leading cause of spontaneous miscarriage and birth defects in humans (Nagaoka et al., 2012) and represents a key hallmark of cancer (Mitelman) where recurrent patterns of aneuploidy, or somatic copy number alteration (SCNA) are observed (Ben-David et al., 2016; Duijf et al., 2013; Faggioli et al., 2012; Mitelman; Nagaoka et al., 2012) . SCNA patterns in cancer are a consequence of 'chromosome alteration' rate driven by chromosomal instability (CIN), which is associated with poor prognosis for cancer patients Jamal-Hanjani et al., 2015; Laughney et al., 2015; Lee et al., 2011; McClelland, 2017) coupled to evolutionary selection. Human chromosomes vary widely in size, gene density, interphase nuclear territory and heterochromatin distribution (Figure 1a, Table S1 ). However, the question of whether these or additional characteristics generate bias in mis-segregation rates has not been answered to date since high-throughput methods to analyse chromosome-specific aneuploidy are lacking. The standard approach to measure aneuploidy, manual scoring of chromosome number using Fluorescence In-Situ Hybridization (FISH) of centromere-targeted probes (Burrell et al., 2013; Fenech, 2007 ) is low-throughput and subject to significant artefacts (Faggioli et al., 2012; Knouse et al., 2014; Valind et al., 2013; van den Bos et al., 2016) , limiting the resolution of previous efforts to examine biased mis-segregation (Brown et al., 1983; Evans and Wise, 2011; Fauth et al., 1998; Hovhannisyan et al., 2016; Spence et al., 2006; Torosantucci et al., 2009; Xi et al., 1997) . New technologies such as next generation sequencing-based methods van den Bos et al., 2016) are still expensive and technically challenging (Bakker et al., 2015) . To resolve this we analysed individual chromosome aneuploidy rates in a high throughput manner using a novel platform and in the absence of fitness effects and selection. We used the ImageStream X® cytometer to quantify FISH-marked centromeres in thousands of single cells, following pharmacological induction of merotelic attachments (kinetochores attached to microtubules emanating from both spindle poles). We show that human chromosome missegregation is non-random, and validate our findings using single cell sequencing. Observation of specific chromosomes during mitosis reveals that chromosomes 1 and 2 are highly prone to lagging at anaphase in multiple non-transformed cell lines. Lastly, we elucidate the molecular pathway underlying this bias, and show that chromosomes 1 and 2 are particularly to prone to cohesion fatigue resulting in mal-attached kinetochores and lagging at anaphase.
Results
High throughput screening using the ImageStream X® cytometer reveals non-random aneuploidy following induction of chromosome mis-segregation.
Proposed drivers of cancer chromosomal instability include merotelic kinetochore attachments (Bakhoum et al., 2009a) , replication stress (Bartkova et al., 2005; Bester et al., 2011; Burrell et al., 2013) and cohesion defects (Kim et al., 2016; Manning et al., 2014; Solomon et al., 2011) . We examined the response of individual chromosomes to merotely in h-TERT-immortalised human retinal pigment epithelium cells (RPE1), using a nocodazole shake-off and washout strategy to induce merotelic attachment and chromosome mis-segregation (Cimini et al., 2002; Cimini et al., 2001; Zhang et al., 2015) (Figure 1b,c) . To determine aneuploidy rates in the absence of selective pressure, we analysed cells 12 hours after release from nocodazole. Live cell imaging revealed that at this time-point cells have exited mitosis and proceeded through the cell cycle but without cell death or further division events that could influence population aneuploidy rates (Figure S1a-c; Movie S1) in agreement with previous reports that aneuploidy-mediated cell death does not occur in this timeframe (Li et al., 2010; Thompson and Compton, 2010) . We also verified that the nocodazole treatment combined with mitotic shake-off and release does not impact cell viability (Figure S1d-f). We then performed high-throughput analysis of aneuploidy in daughter cells using the ImageStream X® cytometer (hereafter ImageStream), previously employed to detect monosomy and trisomy in peripheral blood mononuclear cells with high accuracy (Minderman et al., 2012) , to analyse individual chromosome aneuploidy frequencies at orders of magnitude higher cell number than previous approaches. We were able to perform this analysis for the majority of the 23 human chromosomes (Figure 1a ,e; Table S2 ). As expected we observed an increase in overall aneuploidy following nocodazole washout. However, aneuploidy rates appeared varied between chromosomes, with chromosomes 1-4, 7 and 10 exhibiting mean aneuploidy rates above the average aneuploidy induced by nocodazole washout (Figure 1e ).
Single cell sequencing confirms ImageStream aneuploidy analysis.
To validate ImageStream aneuploidy analysis we performed single cell sequencing (SCS) and aneuploidy detection using AneuFinder of control and nocodazole washout-treated RPE1 cells. Although cell numbers are orders of magnitude lower than the ImageStream analysis, SCS confirmed elevated aneuploidy for chromosomes 1, 2 and 3 (Figure 2a,b) . A notable exception is chromosome 4, that was not observed as aneuploid using single cell sequencing and furthermore displayed higher gain than loss rates using ImageStream analysis, suggesting an artefact linked to the potential cross-reactivity of this probe (Table S2) .
Chromosomes 1 and 2 exhibit high rates of lagging at anaphase in multiple non-transformed cell types.
We reasoned that chromosome-specific aneuploidy generated by nocodazole washout should be reflected in the propensity of specific chromosomes to undergo lagging during anaphase, though a strict relationship might not be expected since merotelically attached lagging chromosomes are often resolved to the correct daughter cell (Cimini et al., 2004; Thompson and Compton, 2011) . To examine this, RPE1 cells were treated with nocodazole for 8 hours then released for 1 hour by which time approximately half the mitotic cell population had entered anaphase with approximately one in two cells displaying lagging chromosomes (Figure S2a,b; Figure 3a,b) . We then performed FISH with specific centromere probes and determined the frequency of lagging of a panel of chromosomes, including those prone to aneuploidy following both ImageStream and SCS analysis. Strikingly, chromosomes 1 and 2 were found lagging in 56.4 ± 9 and 25.8 ± 2 % of anaphases with errors respectively (Figure 3a -c) suggesting these chromosomes comprised a high proportion of all lagging chromatids. To verify this we calculated lagging rates as a function of all lagging chromatids. Chromosomes 1 and 2 comprised 23.3 ± 7 % and 10.9 ± 3 % lagging chromatids respectively (Figure 3d ) meaning that over a third of lagging chromatids following nocodazole washout are due to just two chromosomes. These observations were not due to non-specific signal since the number of specific centromere signals in each separating anaphase mass were scored to verify the correct total number of signals were present. Nocodazole washout also enriched lagging of chromosomes 1 and 2 in BJ cells, primary human umbilical endothelial cells (HUVEC) and h-TERT-immortalised fallopian epithelial cells (FNE1) (Figure 3e -h, Figure S2c -j), demonstrating that this effect is common to multiple non-transformed cell lines of different origins. We next used an alternative method to elevate chromosome mis-segregation: Small molecule inhibition of the Eg5 kinesin using monastrol or S-Trityl-L-Cysteine (STLC) prevents centrosome separation at prophase, leading to monopolar spindles. Upon drug washout spindles reform but promote merotelic attachment (Kapoor et al., 2000) . Monastrol washout treatment induced similar total lagging chromosome rates and also strongly enriched lagging of chromosomes 1 and 2 (Figure S2k-n) demonstrating that sensitivity of chromosomes 1 and 2 was not due to nocodazole, or depolymerisation of microtubules (MTs) per se.
Non-random chromosome-specific behaviour can thus be observed during error-prone mitosis, further supporting the conclusion that bias in aneuploidy rates can occur independently of selective pressure.
Enrichment of chromosome 1 lagging is specific to treatments that interfere with normal bipolar spindle assembly.
We next addressed the molecular mechanism underlying the sensitivity of chromosomes 1 and 2 to merotelic attachment following nocodazole or Eg5 inhibitor washout. To test whether an alternative method to induce mis-segregation lead to a similar phenomenon we treated cells with Reversine, a small molecule inhibitor of the mitotic checkpoint kinase Mps1 that promotes merotelic attachment and ablates the mitotic checkpoint (Santaguida et al., 2010) . This treatment induced similar overall lagging chromosome rates however the bias for chromosome 1 lagging was removed (Figure 4a-c) . This suggests that chromosome 1 lagging is promoted specifically by nocodazole or Eg5 inhibitor treatment and release.
Chromosomes 1 and 2 are susceptible to cohesion fatigue during mitotic delay.
In addition to causing cells to pass through abnormal mitotic spindle geometry intermediates, both nocodazole and Eg5 inhibitor washout treatments are often coupled to a period of mitotic arrest, to elevate the number of mitotic cells available for analysis. A known consequence of delay in mitosis is gradual failure of the cohesive force holding sister chromatids together, 'cohesion fatigue', that can lead to premature sister chromatid separation (PSCS) (Daum et al., 2011; Manning et al., 2010; Nakajima et al., 2007; Stevens et al., 2011; van Harn et al., 2010) although underlying mechanisms remain unclear.
Moreover, cohesion defects are known to promote chromosome lagging as shown by studies depleting the Retinoblastoma protein pRb (Manning et al., 2010) or STAG2, a component of the cohesin complex (Kleyman et al., 2014) . To test whether cohesion fatigue was occurring during the 8-hour nocodazole treatment used herein, and whether this preferentially affected chromosomes 1 and 2, cells were treated with nocodazole for 8 hours followed by release into the proteasome inhibitor MG132 to delay anaphase but allow chromosome-MT attachments to form. Under these conditions cells displayed cohesion fatigue in the form of chromosomes 'scattered' from the metaphase plate (Figure 5a,b) , albeit at lower rates than cells treated with MG132 alone for 8 h, in agreement with previous literature suggesting that dynamic MTs during the arrest period are required for maximal cohesion fatigue (Daum et al., 2011; Stevens et al., 2011) . Chromosomes 1 and 2 were selectively prone to PSCS, with 46.1 ± 7 and 30.2 ± 10 % of cells with one or more unaligned chromosomes exhibiting PSCS of chromosomes 1 and 2 respectively, compared to 5.6 to 15.3 % for other chromosomes tested (Figure 5c,d) . This suggested that cohesion fatigue might underlie the high rates of lagging of these chromosomes.
Chromosome 1 lagging can be rescued by preventing cohesion fatigue.
We then tested whether mis-segregation of chromosome 1 could be rescued by inhibiting cohesion fatigue. First, we depleted the negative regulator of cohesion, Wapl (Gandhi et al., 2006; Kueng et al., 2006) using RNA interference to enhance the stability of cohesion on DNA, previously shown to reduce PSCS and chromosome scattering at metaphase (Daum et al., 2011; de Lange et al., 2015; Lara-Gonzalez and Taylor, 2012; Stevens et al., 2011) . This significantly reduced chromosome 1 mis-segregation following 8 hours nocodazole washout (Figure 6a,b ). This treatment also reduced rates of missegregation globally (Figure 6b ) likely reflecting both the contribution by chromosome 1 and a cumulative low-level effect upon other chromosomes. Next we reasoned that if cohesion fatigue induced by mitotic delay promotes lagging of chromosome 1, that reducing the length of mitotic arrest should rescue this effect. We therefore treated cells with a shorter period of nocodazole (2 hours) before washout. This reduced cohesion fatigue as measured by a decrease in scattered chromosomes and chromosome 1 PSCS of cells released into 2 h MG132 (Figure 5b; Figure 6c,d) , and also reduced global rates of chromosome mis-segregation (Figure 6e,f) . Importantly however, chromosome 1 lagging was preferentially rescued (Figure 6f ; 4.50 ± 0.55 fold change compared to 2.74 ± 0.5 for global lagging rates). Reduced chromosome mis-segregation after 2 hours' nocodazole washout was not due to incomplete MT depolymerisation or fewer cells affected by nocodazole, since mitotic cells displayed efficient loss of MTs after both 2 and 8 hours in nocodazole ( Figure S3a) , and live cell imaging of prometaphase cells released from nocodazole-induced mitotic arrest exhibited a similar reduction in segregation error rates between 8 and 2 hour treatments (Figure 6g,h) . A similar reduction in lagging chromosome rates was also observed between 8 and 2 hours of Eg5 inhibition and release (Figure S3bd ). Taken together these data suggest that mitotic delay following spindle recovery from nocodazole or Eg5 inhibition leads to a deterioration of centromeric cohesion and a concomitant increase in chromosome lagging. This can be partially counteracted by increasing the stability of cohesion on DNA, or decreasing the length of mitotic arrest. Further, this phenomenon appears to particularly affect a subset of chromosomes with chromosomes 1 and 2 displaying both propensity to PSCS and high rates of lagging.
Discussion.
In summary we demonstrate that compromising the fidelity of cell division can result in non-random mis-segregation, leading to differences in aneuploidy rates of individual human chromosomes. In this study we characterised non-random mis-segregation following induction of merotely using nocodazole washout. Alternative methods to induce aneuploidy could potentially affect different chromosomes, as a result of mechanistically distinct pathways to chromosome mis-segregation. Further investigation of such biases is likely to uncover novel aspects of chromosome-autonomous behaviour during faulty mitosis.
Role of cohesion fatigue in promoting lagging of chromosomes 1 and 2.
We find that cohesion fatigue during several hours' delay at prometaphase particularly affects chromosomes 1 and 2, and is sufficient to promote a significant increase in their chromosome segregation error rate. Cohesion fatigue could elevate chromosome mis-segregation either due to effects on centromeric geometry or flexibility that might facilitate the formation of merotelic attachments (Sakuno et al., 2009 ). Alternatively, since multiple studies have demonstrated an intricate interplay between chromosome cohesion and the chromosomal passenger complex (CPC), responsible for error correction (reviewed in (Trivedi and Stukenberg, 2016) ; (Mirkovic and Oliveira, 2017) ) it is possible that cohesion fatigue might prevent efficient correction of mal-attachments by improper regulation of the CPC.
Cohesion fatigue induced by prometaphase delay also promotes chromosome mis-segregation in a global fashion.
Although previous studies have suggested a requirement of dynamic MTs for cohesion fatigue (Daum et al., 2011; Stevens et al., 2011) our data show that a period of 8 hours in prometaphase, in the absence of a functional spindle, can predispose to loss of cohesion and chromosome scattering when cells are subsequently subjected to a brief period of MT pulling forces. This is in agreement with a recent study demonstrating increased sister chromatid separation after prolonging prometaphase using monastrol (Hengeveld et al., 2017) and indicates that cohesion fatigue may be more prevalent than previously appreciated during perturbations that induce a mitotic delay, even in the absence of dynamic MTs.
Moreover, in addition to promoting chromosome mis-segregation of specific chromosomes, we noted a marked dependency upon mitotic delay for high rates of global chromosome mis-segregation rates (Figure 6f-h; Figure S3 ). Subtle cohesion fatigue during mitotic delay thus appears to synergise with nocodazole or Eg5 inhibitor treatments to elevate chromosome mis-segregation, and may therefore play an unexpected role in generating segregation errors following these popular treatments to induce missegregation and aneuploidy.
Features underlying bias in mis-segregation rates.
Chromosomes 1 and 2 represent the largest chromosomes in humans (Figure 1a) . Centromere repeat length does not scale with chromosome length in humans (Table S1) however longer chromosomes do not possess an obvious requirement for a 'stronger' centromere since drag produced by chromosomes is negligible in comparison to spindle forces (Civelekoglu-Scholey and Scholey, 2010; Nicklas, 1983) .
Nevertheless a correlation has been observed between chromosome size and levels of the inner centromeric protein CENP-A in human cells (Irvine et al., 2004) suggesting kinetochore size or function may vary between chromosomes. In this regard it is also interesting that chromosome 18, with the longest alpha satellite length (5.4 MB; Table S1 ) exhibited moderate but consistent effects in response to nocodazole washout both in terms of ImageStream aneuploidy loss rates and lagging chromosomes, despite falling short of statistical significance. This suggests that centromere size could also contribute to biased mis-segregation under certain conditions. Accordingly it has recently been shown in the Indian Muntjak that increased centromere size predisposes to merotelic attachment (H. Maiato, personal communication). It is possible that larger chromosomes may be prone to mis-segregation due to their tendency to occupy peripheral positions that might predispose to merotelic attachment (Cimini et al., 2004; Khodjakov and Rieder, 1996) . Alternatively, it is possible that differences in centromeric composition underlie the sensitivity of chromosomes 1 and 2 to cohesion fatigue. Of note, large regions of pericentric heterochromatin have been identified at the q arms of chromosomes 1, 3, 4, 9, 16 and 19 (Atkin and Brito-Babapulle, 1981; Craig-Holmes and Shaw, 1971; Estandarte et al., 2016) (Figure 1a) although it is not clear whether the nature of chromosome 1 pericentric heterochromatin differs qualitatively, and how this might render chromosomes prone to cohesion fatigue and merotelic attachment.
Potential role of non-random chromosome mis-segregation in development of cancer aneuploidy landscapes.
Merotelic attachment and cohesion defects have both been proposed to contribute to cancer CIN (Bakhoum et al., 2009a; Bakhoum et al., 2009b; Ertych et al., 2014; Manning et al., 2014; Silkworth et al., 2009 ) therefore it is possible that aneuploidy-prone chromosomes identified herein may be subject to frequent mis-segregation and aneuploidy during tumourigenesis. However, confirming whether specific chromosomes are prone to mis-segregation during tumourigenesis is non-trivial. The bulk of available tumour genomic information lacks single cell resolution and is heavily shaped by evolutionary selection processes (Greaves and Maley, 2012; McGranahan and Swanton, 2017 ) that might obscure signatures of non-random mis-segregation. Nevertheless this phenomenon could influence early events during tumourigenesis. For example, lagging chromosomes can be subject to downstream DNA damage events such as breakage-fusion-bridge events and chromothripsis (Crasta et al., 2012; Janssen et al., 2011; Zhang et al., 2015) that could fuel subsequent structural aneuploidy events. In this regard it is interesting that chromosomes 1 and 2 are among the three chromosomes most frequently affected by copy number alteration in primary retinoblastomas (Kooi et al., 2016) . Given links between dysfunction of the retinoblastoma protein pRB, cohesion defects and chromosome lagging (Manning et al., 2010; Manning et al., 2014) , and the propensity for chromosomes 1 and 2 to lag under conditions of malattachment and cohesion fatigue in our hands, it is possible that non-random mis-segregation could act in concert with evolutionary selection to drive these recurrent SCNA patterns in retinoblastomas, and could potentially act more broadly across additional cancer types.
Significance for interpretation of cancer genomes.
Our study provides a framework for determining chromosome-level alteration rates that could improve the interpretation of SCNA landscapes from tumour genomes, for example, detection of 'driver' from 'passenger' SCNA events in cancer, since this requires the decoupling of mutation and selection rates (Beroukhim et al., 2010; Bignell et al., 2010) . Moreover, if drivers of CIN that differ mechanistically affect distinct subsets of chromosomes, as discussed above, this leads to the possibility that analysis of non-random mis-segregation in cancer could allow us to decipher driver mechanisms, in a similar way to the recent discovery of cancer mutational signatures (Alexandrov et al., 2013) . This also has implications for interpretation of mouse cancer models using specific drivers of CIN such as mitotic checkpoint knockouts, since the spectrum of errors may influence tumourigenesis and development (Ben-David et al., 2016) . Xi, L., Zhang, L., Wang, Y., and Smith, M.T. (1997) . Induction of chromosome-specific aneuploidy and micronuclei in human lymphocytes by metabolites of 1,3-butadiene. Carcinogenesis 18, 1687-1693. Zhang, C.Z., Spektor, A., Cornils, H., Francis, J.M., Jackson, E.K., Liu, S., Meyerson, M., and Pellman, D. (2015) . Chromothripsis from DNA damage in micronuclei. Nature 522, 179-184. (Cremer and Cremer, 2010) . Gene density (no. genes divided by length of chromosome (Mbp)) was divided equally into 5 groups; 10. 12-16.51; 16.52-22.89; 22.90-29.28; 29.29-35.67; 35.68-42. Movie S1. RPE1 cells stably expressing H2B-RFP were filmed following release from 8 h nocodazole treatment. Filming began 30 min after drug washout and cells were imaged every 3 min for 8 h, then every 15 min for a further 4 hours (12 hours' total filming). A Quicktime movie of one field is shown.
Stills from this movie are shown in Figure S1 .
Microscopy
Images were acquired using an Olympus DeltaVision RT microscope (Applied Precision, LLC) equipped with a Coolsnap HQ camera. Three-dimensional image stacks were acquired in 0.2 µm steps, using an Olympus ×100 or ×60 1.4 numerical aperture UPlanSApo oil immersion objective. Deconvolution of image stacks and quantitative measurements was performed with SoftWorx Explorer (Applied Precision, LLC). For live cell imaging, H2B-mRFP-labelled cells were grown and imaged in 4 well imaging dish (Greiner bio-one). 20 µm z-stacks (ten images) were acquired using an Olympus ×40 1.3 numerical aperture UPlanSApo oil immersion objective every 3 min for 8 h using a DeltaVision microscope in a temperature and CO2-controlled chamber. Analysis was performed using Softworx Explorer. To observe cell death after nocodazole washout, cells were imaged every 3 min for the first 4 h and then every 15 min for another 8 h.
ImageStream cytometry analysis
All samples were analysed on the ImageStream cytometer by excitation with the blue laser with a power of 100 mW at a 'high' flow speed. Data obtained by the ImageStream were analysed in IDEAS 6.2 (Merck Millipore). Samples for each chromosome and experimental condition were obtained separately and contained within a single data file. For each sample a minimum of 500, and a maximum of 40,000, cells were analysed. Raw data files were opened in the IDEAS software package and the built-in compensation matrix applied. This correction is necessary to remove fluorescent noise introduced from the spatial alignment between channels, the flow speed, camera background normalisation and the level of brightfield gain. During acquisition, the EDF element was used to increase the focus range from 4 µm to 16 µm, allowing close to 100% of cells to be focused. Single cells are distinguished from cell aggregates by low area and high aspect ratio. The gating of single cells was manually verified by visual observation of brightfield images in the selected region. Plotting the Gradient root mean squared (RMS) value of the brightfield channel allowed only cells that were in-focus to be analysed. In-focus cells have a high Gradient RMS value. For some samples, where the hybridisation efficiency was less, a further gate was applied to select for only cells in the sample above a threshold of probe signal intensity. This was achieved by plotting the total intensity of fluorescence in each cell, versus the Raw Max Pixel intensity within the cell. Cells with hybridised probe have an average total fluorescence, and a high Raw Max Pixel intensity. Single, in-focus, hybridised cells were then analysed for the chromosomal content of a particular chromosome by applying a 'spot mask' and 'spot counting' feature to the centromere probe signals for each image. The masking parameters were determined on user-defined variables: the radius of the spot and the spot-to-background ratio (STBR). The STBR is the spot pixel value divided by the background fluorescence of the bright detail image. The spot mask therefore denotes a region that is of appropriate area to be considered a centromeric signal, and the boundary at which the signal diminishes. Where the radius value is x, this suggests that the denoted area of a single spot should have a minimum value of 2x+1 pixels. Regions that satisfy the spot mask criteria in single cells are enumerated by the spot-counting wizard. For the wizard to accurately determine chromosome ploidy, truth populations were denoted for both 2n-1 and 2n+1 cells for a minimum of 25 images. The wizard then compiles the common features for over 100 elements and assigns each image a spot count.
The images obtained of CEP spots are 2D projections of 3D images, to encompass the entire volume of the nucleus. If a cell is aligned so that the two centromere signals are in the same plane, they sometimes appear as a single focus, because they overlap following image projection. To correct for this, CEP signal intensity was plotted as a histogram from the original spot count data which correlates with the amount of probe hybridised, rather than the spot count. Disomic cells had a medium (M) intensity of hybridisation signal intensity, representing two spots. Cells with one spot that had lost a chromosome will fall below the value represented by two standard deviations above the mean fluorescent intensity; cells that had gained a chromosome will fall above two standard deviations of the mean of the hybridisation signal intensity. Events that are classified as one spot by the software usually fell into the medium range for intensity in the majority of cases. This suggests that, for the reasons stated above, they are disomic cells with aberrant ploidy-spot relationship. Cells designated as one spot that fell outside the 2 standard deviation window were deemed to be true monosomies. Cells designated as 2n+1 by the spot-counting wizard were manually verified by visual inspection of each image and correlating it with the 2 standard deviation cut-off above the mean diploid fluorescence intensity.
Single cell Sequencing
Samples from control and experimentally-induced aneuploid cells were sorted by FACS prior to singlecell sequencing analysis using AneuFinder as previously reported . Briefly, sequence reads are determined as non-overlapping bins with an average length of 1 Mb, a GC correction is applied, and binned sequences are analysed using a Hidden Markov model to determine the most likely copy number states. To negate the inherent sample variation introduced by sequencing single cells, a stringent quality control step was included that uses multivariate clustering to exclude libraries of insufficient quality. Chromosome copy number is plotted as a genome-wide state with clustering of cells based on the similarity of copy number profiles. Raw sequencing reads are available in the European Nucleotide Archive database (www.ebi.ac.uk/ena) under accession number TBD."
Statistical analyses
Unpaired t-test or one-way ANOVA with post-hoc Tukey's comparison were used to test for levels of significance using either Excel or Prism (GraphPad). Asterisks have been used to denote the significance value between experimental conditions adhering to the following nomenclature: p<0.05 (*); p<0.01 (**); p<0.001 (***); p<0.0001 (****).
To check whether specific chromosomes occurred in lagging error more often we used a binomial test.
If chromosomes lag equally, then a lagging chromosome is expected to have a given identity in p = 1/23 = 4.3% of cases, and the number of observed is distributed as y ~ Binomial(p,n), where n is the number of lagging chromosomes in total. We used Bonferroni multiple testing correction when applying this test across all observed chromosomes.
